INTRODUCTION
============

The idea of racetrack-type memory based on the current-driven motion of the ferromagnetic (FM) domain wall ([@R1]) has a high impact on the spintronics field owing to its potential enabling the energy-efficient current control of magnetization for information processing. In general, moving the FM domain wall in terms of the spin transfer torque, thereby reversing the domain orientation, requires a high critical current density (*J*~C~; typically 10^12^ A m^−2^), which induces significant resistive heating in the device. To overcome this problem, a small *J*~C~ is required for drives of magnetic information carriers. Among many types of magnetic-information carriers, the skyrmion---a particle-like topological spin texture---has attracted enormous attention because of its nanometer-scale size, topological stability, and drivability with ultralow current density (e.g., 10^6^ A m^−2^) ([@R2]--[@R15]). Thus, the skyrmion is a promising candidate for future application to energy-efficient electronic devices. In the context of current-driven racetrack-type skyrmion memory, the isolated skyrmion, which can be manipulated in a metastable state ([@R9], [@R16]--[@R19]), is of more importance than the skyrmion crystal (SkX) that is thermodynamically stabilized in chiral-/polar-lattice magnets with the intrinsic Dzyaloshinskii-Moriya interaction (DMI) ([@R2], [@R3], [@R6]). Thus, the interfaces between the heavy-metal layer and the ultrathin FM layer hosting isolated skyrmions caused by the interfacial DMI have been investigated extensively ([@R10]--[@R14]). However, compared with the small current density *J*~C~ for controls of SkX in chiral-lattice magnets with intrinsic DMI ([@R3], [@R4], [@R20]--[@R22]), driving of interfacial skyrmions requires higher *J*~C~ (\~10^12^ A m^−2^) to overcome the random pinning potential in the real material interfaces, which strongly depends on the film quality ([@R10]--[@R14], [@R23]--[@R26]).

A key technology for the low-*J*~C~ manipulation of a single skyrmion is sought for, such as efficient and reliable control of generation and driving individual skyrmions in the chiral-lattice system. For this end, first, a successful skyrmion nucleation with low current density in the device must be achieved; second, the individual skyrmions must be isolated from the SkX; last, it is necessary to control, i.e., to drive and to erase, skyrmions.

Here, we introduce a device composed of a thin plate of FeGe ([@R27]) with the helimagnetic transition temperature of 278 K, which has a square notch hole so as to generate localized spin current around the notch corner ([Fig. 1A](#F1){ref-type="fig"}, see also Methods in the Supplementary Materials for details). First, we demonstrate the generation and extinction of the metastable SkX composed of 80-nm-size skyrmions in terms of unidirectional current injections in the plus and minus directions, respectively. The unidirectional current effect on the skyrmion dynamics as demonstrated in the following could never appear in the device without such a notch, indicating that the local current distribution together with the modulated configuration of magnetic moments around the notch is crucial for this effect. After realizing the current-induced generation of the skyrmions in various forms such as regular lattice (SkX), single particle, and also a few-skrymion aggregate, which was observed as a metastable state formerly with tuning the external field in thin plates of FeGe ([@R17]) and Cu~2~OSeO~3~ ([@R28]), their current-induced motions are tracked by Lorentz transmission electron microscopy (TEM) to investigate the temporal dynamics.

![Creation and extinction of the metastable SkX with unidirectional current injections in a FeGe-based device with a square notch hole.\
(**A**) Cross-sectional (top; schematic) and top (bottom; a scanning electron microscopy image) views of the device composed of a (110) thin FeGe with electrodes fixed on a SiN/Si-membrane.(**B**) Phase diagram observed in the FeGe without pulsed current flows at various temperature (*T*)--magnetic field (*B*) conditions as specified by open circles. (**C**) Over-focus Lorentz TEM images of helical structure at the current *I* = 0 observed at the area indicated by a red rectangle in (A) at 120 K under a 100-mT normal field. (**D**) Over-focus Lorentz TEM images of metastable SkX generated after one-pulse flow in the plus direction observed at the area indicated by a red rectangle in (A) at 120 K under a 100-mT normal field. (**E**) Phase diagram observed in the FeGe with one pulsed current flows in the plus direction (indicated by the red arrow in the insets) at various temperature (*T*)--magnetic field (*B*) conditions as specified by open circles. (**F**) Helical stripes coexistent with sparsely populated skyrmions after the same pulse as in (D), but flowing in the minus direction. (**G**)Magnified over-focus Lorentz TEM image of the yellow line squared area in (C). (**H** to **J**) Sequentially captured images observed after one-pulse injections with increasing the pulse width Δ*t*. (**K**) Plots of the number (*N*) of skyrmions versus Δ*t* for plus (left) and minus (right) currents, respectively. (L) Temperature dependence of the critical current (J~C~) flowing in the plus direction for the nucleation of SkX under several fields. Sk, H, C, and FM denote skyrmion, helical, conical, and the field-aligned FM domain, respectively. Curved lines in phase diagrams show the eye guide for the boundaries among different phases. The inset in (E) shows a simulated contour map of the current density around the notch of the FeGe plate when the current flows in the plus direction. The vertical scale bar indicates the local current density in arbitrary units.](aaz9744-F1){#F1}

RESULTS
=======

First, we show the creation and extinction of skyrmions by current pulse excitations on the FeGe-based notched device ([Fig. 1A](#F1){ref-type="fig"} and fig. S1). [Figure 1B](#F1){ref-type="fig"} presents the phase diagram based on the sequential Lorentz TEM observations with varying the normal magnetic field (*B*) at several temperatures (*T*s). A thermodynamic equilibrium SkX phase appears only in a small *T*-*B* pocket region near *T*~C~ and agrees well with our previous work ([@R17]), whereas nontopological spin textures, such as helical (H), conical (C), and field-aligned FM structures, are stabilized to dominate the *T*-*B* phase diagram, being somewhat different from the case observed in the same-material thin plate but with different sample geometry ([@R29]). A metastable SkX ([Fig. 1D](#F1){ref-type="fig"}) has been successfully created by only one current pulse injection (8 mA, 100-ms duration) from a helical structure ([Fig. 1C](#F1){ref-type="fig"}) in the "plus" direction at lower temperatures, such as at 120 K. Such SkX is topologically stable, whereas it can be turned into helices by application of the same pulse current but in the "minus" direction ([Fig. 1F](#F1){ref-type="fig"}). The generation/extinction of the metastable SkX with one current pulse flow in the plus/minus direction has also been observed at a conical structure (120 K, 120 mT) (see fig. S2 and movie S1 for details). Systematic Lorentz TEM observations with current pulse flows in the plus direction at various *T* and *B* conditions have directly confirmed the enlargement of SkX phase ([Fig. 1E](#F1){ref-type="fig"}), whereas current flows in the minus direction erase SkX. [Figure 1 (G to J)](#F1){ref-type="fig"} shows a series of Lorentz TEM images observed before ([Fig. 1G](#F1){ref-type="fig"}) and after one-pulse stimulations ([Fig.1, H to J](#F1){ref-type="fig"}) in the plus direction with slightly increasing the pulse width Δ*t*; Δ*t* is limited below 1 ms to suppress the Joule heating in the present FeGe device ([@R30]). The sequential observations have also been performed with pulse stimulations in the minus direction. Systematically imaging the metastable skyrmions has shown the increase of the number (*N*) of metastable skyrmions as the currents flow with increasing Δ*t* in the plus direction ([Fig. 1K](#F1){ref-type="fig"}, left) and the decrease of *N* as the currents flow in the minus direction ([Fig. 1K](#F1){ref-type="fig"}, right). [Figure 1L](#F1){ref-type="fig"} shows the *T* dependence of *J*~C~ for the nucleation of the metastable SkX in the present notched device: *J*~C~ decreases with an increase in *B* and/or *T*. All in all, the real-space observations reveal a nonadiabatic unidirectional current effect on generation and extinction of the metastable SkX in the notched device, which is designed to realize local spin current injections induced by inhomogeneous current around the notch (see the simulated contour map of the current density distribution in the device in the inset of [Fig. 1E](#F1){ref-type="fig"} and fig. S3). The evolution of SkX phase with current flows has also been observed in another device with a notch at the center of the device side (fig. S4E), whereas the phenomenon of generation of SkX is absent in the device without a notch (fig. S4D). Thus, the distinction between "+" and "−" current injections arises from the upper or lower side of the plate, on which the notch is fabricated.

Lorentz TEM observations ([Fig. 2](#F2){ref-type="fig"}) have been performed with finely intensifying pulsed current excitation to trace the current-induced metastable SkX from the thermodynamic nontopological state (helical/conical) in the notched device. At the initial state (120 K, 0 mT), the periodic stripes in a Lorentz TEM image ([Fig. 2A](#F2){ref-type="fig"}), representing the in-plane helices, appear to be almost perpendicular to the upper side of the notch. A short current pulse (*I* = 10 mA, Δ*t* = 0.1 ms) effectively rotates the stripes ([Fig. 2A](#F2){ref-type="fig"}) to be parallel to the current flow direction ([Fig. 2B](#F2){ref-type="fig"}) except for that at the corner of the notch, which is bent to run along the corner and thereby producing spherical wave--like helices. The rearrangement of helices upon a current stimulation is possibly caused by the coupling among the helical wave vector and the spin-polarized current. By increasing the *I* and Δ*t* up to 13 mA (current density; 3.3 × 10^9^A m^−2^) and 10 ms, respectively, a metastable SkX accompanied by short intervening in-plane helices ([Fig. 2C](#F2){ref-type="fig"}; the real-space image and related Fourier transforms) emerges at zero magnetic field. With a further increase of the number of current pulses, the in-plane helices are almost removed, followed by the formation of a nearly perfect SkX in the notched plate of FeGe (see movie S2). When the normal magnetic field of 160 mT is applied at 120 K, the conical structure with the wave vector normal to the thin plate (parallel to the incoming electron beam) is anticipated, although the Lorentz TEM cannot visualize it ([Fig. 2D](#F2){ref-type="fig"}), while short in-plane helices are discerned near the upper edge of the notch. With the fine-tuning of *I*, Lorentz TEM observations starting from such a conical state have also shown that skyrmions begin to appear around the corners of the notch when the current exceeds a *J*~C~ ([Fig. 2E](#F2){ref-type="fig"}); with a further increase in the current injection, they expand over the thin plate, completely transforming the nontopological state into the SkX ([Fig. 2, E](#F2){ref-type="fig"} to G). These Lorentz TEM observations indicate that the local spin current injection arising from the inhomogeneous current (fig. S4C) around the corners of the notch is the key to excite skyrmions. To sum up, such localized spin current injection first induces the rearrangement of helices and then the nucleus of skyrmions (near the corner of the notch, as shown in [Fig. 2B](#F2){ref-type="fig"}), which are followed by the domino-like skyrmion proliferation with the increase in pulse height *I* and/or width Δ*t* ([Fig. 1, H to J](#F1){ref-type="fig"}, and also see movie S3).

![Formation of a metastable SkX and the rearrangement of helices with electric current injections in a FeGe-based device with a notch.\
(**A** to **C**) Under-focus Lorentz TEM images showing a helical structure composed of multidomains with a single wave vector (***q***) for the initial state (A; 120 K, 0 mT), helices with ***q*** approximately perpendicular to the current flow direction (indicated by the red arrow) observed after one current pulse injection (B; 10 mA, 0.1 ms), and metastable SkX accompanied by in-plane short helices observed after one pulse excitation with larger *I* and longer Δ*t* (C; 13 mA, 10 ms), respectively. Insets are Fourier transforms of the corresponding Lorentz TEM images, respectively. (**D** to **G**) Under-focus Lorentz TEM images representing a conical structure accompanied by several skyrmions and short helices near the upper edge of the notch observed at 120 K under 160 mT (D), nucleation of skyrmions near the corners of the notch after one plus current pulse excitation (E; 11 mA, 10 ms), and SkX generated with finely increasing the pulse height *I* (F and G; 11.2 mA, 11.4 mA). Blue and dark arrows among the panels show the chorological order of Lorentz TEM observations under 0- and 160-mT fields, respectively.](aaz9744-F2){#F2}

To understand the mechanism of extinction of metastable SkX with the current flows in the minus direction, the following should be taken into account: At lower temperatures, the nontopological state, such as helical/conical phase, is thermodynamically stable (see [Fig. 1B](#F1){ref-type="fig"}); therefore, the metastable SkX as produced by pulsed current may be irreversibly destroyed by external stimuli ([@R19]). A numerical simulation of a skyrmion creation and extinction has been reported ([@R7], [@R12]). In particular, the crucial role of the notch as the source of the singular magnetic moment configuration for the creation of a skyrmion and its dependence on the current direction were known by the simulations ([@R7]). However, the background configuration of magnetic moments is assumed to be the FM one in these studies and not the helical/conical phases as in the present study. The current-induced alignment of the helix and also the proliferation of the skyrmions to form the SkX are the experimental findings that are not expected from the earlier theoretical studies. Incidentally, the observed unidirectional current effect provides a compelling evidence for the intrinsic origin of the local spin current injection for the creation of 80-nm skyrmions and the extinction of the metastable SkX, verifying the minor Joule heating effect in the present device.

Let us proceed to the current-induced motion of a single 80-nm skyrmion and a few-skyrmion aggregate upon a current pulse stimulation in the notched device; here, we take the current density of 2.4 × 10^8^ A m^−2^ corresponding to the pulse height *I* of 1.0 mA. First, a single skyrmion ([Fig. 3A](#F3){ref-type="fig"}) was successfully generated: Starting from the metastable SkX, the current pulses flowing in the minus direction were applied while optimizing *I* and Δ*t*; SkX was progressively destroyed/erased until one single skyrmion was left in the TEM view area. Then, the single skyrmion was driven by current pulses with Δ*t* less than 0.5 ms to avoid any further nucleation or annihilation of skyrmions. A series of Lorentz TEM images upon current pulses can track the skyrmion motion; the skyrmion is deflected by spin-polarized current and moves sequentially from the upper right corner to the lower left corner in the thin plate as *I* along the plus direction is increased progressively. In contrast, the skyrmion moves in the opposite direction, i.e., from the lower left side to the upper right side of the plate, when the current pulses flow in the minus direction, as shown in [Fig. 3](#F3){ref-type="fig"} (F to J). These results provide a direct evidence for the translational and Hall motion of the single 80-nm skyrmion, although fluctuations of the skyrmion motion (see [Fig. 3, K and L](#F3){ref-type="fig"}) appear with such small currents close to *J*~C~, which is caused, perhaps, by the random pinning sites in the device.

![Direct observations of Hall motion of a single 80-nm skyrmion with current pulse stimulations.\
(**A** to **J**) Over-focus Lorentz TEM images observed after current stimulations at 120 K under a 250-mT field with varying *I* for each current direction, while keeping Δ*t* constant (=0.5 ms). The cells in (A) to (J) are eye guides for scale (1 and 0.1 μm). (**K** and **L**) Plot of displacements of the skyrmion along (Δ*x*) and vertical to (Δ*y*) the electron flow direction with various current stimulations, respectively, measured from the original position, Δ*x* = Δ*y* = 0. Closed circles and dashed lines with arrows show the experimental data points and the linear fittings of $\frac{\Delta y}{\Delta x}$ for the averaged Hall angle, respectively.](aaz9744-F3){#F3}

An interesting torque motion is observed on a skyrmion aggregate with current pulse stimulations. We use short (Δ*t* = 0.1 ms) pulses for drives of the skyrmion aggregate. [Figure 4](#F4){ref-type="fig"} (A and F) represents initial states of coexistent four-skyrmion aggregate and single skyrmion prepared at 180 K under 175 mT ([Fig. 4A](#F4){ref-type="fig"}) and a three-skyrmion aggregate at 170 K under 200 mT ([Fig. 4F](#F4){ref-type="fig"}) from the originally current-induced metastable skyrmions following the similar procedure as described above. [Figure 4](#F4){ref-type="fig"} (B to E) shows several Lorentz TEM images observed after pulse stimulations in the plus direction while keeping *I* at 4 mA and Δ*t* = 0.1 ms, but increasing the number of pulses, while [Fig. 4](#F4){ref-type="fig"} (G to H) represents the images with current flow in the minus direction with increasing *I*. As revealed by such sequential Lorentz TEM images, a single skyrmion moves more rapidly than the four-skyrmion aggregate, possibly owing to the different energy barrier and/or trapping events that need to be overcome for movement. Incidentally, in addition to the translational and Hall motions, the skyrmion aggregate exhibits also the internal rotational motion (see [Fig. 4, F to H](#F4){ref-type="fig"}, and movie S4), which directly points to the torque force working on skyrmion aggregate; perhaps this is due to the inhomogeneous local current density and/or pinning sites present around the skrymion aggregate.

![Torque and Hall motions of few-skyrmion aggregates with current stimulations.\
(**A** to **H**) Motions stimulated by pulsed currents. (**I** to **N**) Motions stimulated by DC currents. (A and F, I and L) States without current injection. (B to E) Keeping the current strength and pulse width while increasing the number of pulse. (G to H) One current pulse injections with a increase of current strength. (J to K) DC currents flows in minus direction. (M to N) DC currents flow in plus direction.](aaz9744-F4){#F4}

The Hall motions of a skyrmion aggregate have been examined also with DC current flows in both plus and minus directions, as shown in [Fig. 4](#F4){ref-type="fig"} (I to N) (see also movie S5). At the initial states, a chain-like three-skyrmion aggregate settles on the right/left side of the notched device ([Fig. 4, I and L](#F4){ref-type="fig"}). Then, the in situ Lorentz TEM movies capture its motions with DC current flows in each direction. The displacements of the skyrmion aggregate are clearly revealed by a series of Lorentz TEM snapshots at several elapsed time points ([Fig. 4, I to K](#F4){ref-type="fig"} and L to N) with current flows in the plus/minus direction. This indicates that the skyrmion aggregate moves along the electron flows with a Hall angle of about 9° in the present case. This Hall angle is rather large, which is probably enhanced near *J*~C~ due to the pinning force by impurities ([@R31]). The Hall motions of the skyrmion aggregate at 210 K with DC current flow confirms again that the spin transfer torque effect governs skyrmion-aggregate dynamics as well.

DISCUSSION
==========

We have demonstrated the creation and extinction of 80-nm skyrmions in a FeGe-based device with directional current pulses. Current-induced drift, Hall, and torque motions of the single skyrmions and their aggregates can be tracked by using low current densities (0.96 × 10^9^ to 1.92 × 10^9^ A m^−2^), which are three orders of magnitude smaller than those for drives of magnetic domain walls in typical racetrack memory ([@R1]). On the other hand, from the viewpoint of skyrmion-based devices, the skyrmion Hall motion in the present device should limit the moving distance. To solve this problem, the antiferromagnetically exchange-coupled bilayer system hosting combined skyrmions ([@R32]) would be promising and applicable also to the chiral magnets like the present case with an appropriate choice of spacer material ([@R33]).

MATERIALS AND METHODS
=====================

Preparation of a notched device
-------------------------------

The notched device was prepared as follows: (i) The thin plate (14.2 μm by 14.2 μm by 0.3 μm) of (110) FeGe (fig. S1A; SEM image) with a notch hole (2.5 μm by 2.5 μm) was prepared by thinning a bulk FeGe using a microsampling technique with a focused-ion-beam system (NB-5000, Hitachi); (ii) a Si membrane was prepared with coating 50-nm SiN and four electrodes (Au) (fig. S1B; SEM image) were fabricated by e-beam lithography; (iii) a thin tungsten (W) film was deposited on the two sides of the FeGe thin plate placed on the membrane; and (iv) the thin plate and electrodes were connected by W wires (fig. S1C; SEM image). The geometry and thickness of the FeGe plate were characterized in terms of SEM images.

Lorentz TEM observations of skyrmions with current flows
--------------------------------------------------------

All the real-space observations of skyrmions in the devices were performed at the Lorentz TEM mode after zero-field cooling. In the defocused Lorentz TEM images, skyrmions with clockwise/counterclockwise helicity can be viewed as bright/dark dots owing to the interaction between the incident electrons and the in-plane magnetizations in skyrmions \[see ([@R17])\].

The devices were settled on the TEM sample stage within the objective lens (coil), therefore accepting a normal field induced by the lens (coil) current. The residual field was approximately 7 mT when the objective lens current was switched off, which was measured by a Hall probe mounted on the sample stage. All the images were recorded by a fast-imaging camera (Gatan, OneView) attached to a multifunctional TEM (JEM-2800).
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